We examined four such cell lines and conclude that for the three lines SV80, GM638, and GM639, the cells did indeed harbor spontaneous T-antigen mutants. For the SV80 line, marker rescue (determined by a plaque assay) and DNA sequence analysis of cloned DNA showed that a single point mutation converting serine 147 to asparagine was the cause of the mutation. Similarly, a point mutation converting leucine 457 to methionine for the GM638 mutant T allele was found. Moreover, the SV80 line maintained its permissivity for SV40 DNA replication but did not complement the SV40 tsA209 mutant at its nonpermissive temperature. The cloned SV80 T-antigen allele, though replication incompetent, maintained its ability to transform rodent cells at wild-type efficiencies. A compilation of spontaneously occurring SV40 mutations which cannot replicate but can transform shows that these mutations tend to cluster in two regions of the T-antigen gene, one ascribed to the site-specific DNA-binding ability of the protein, and the other to the ATPase activity which is linked to its helicase activity.
Many types of human cells cultured in vitro are generally semipermissive for simian virus 40 (SV40) replication. Consequently, subpopulations of stably transformed human cells often carry free viral DNA, which is presumed to arise via spontaneous excision from an integrated DNA template. Stably transfot-med human cell lines that do not have detectable free DNA are therefore likely to harbor mutant viral genomes incapable of excision and replication, or these cells may synthesize variant cellular proteins necessary for viral replication.
We examined four such cell lines and conclude that for the three lines SV80, GM638, and GM639, the cells did indeed harbor spontaneous T-antigen mutants. For the SV80 line, marker rescue (determined by a plaque assay) and DNA sequence analysis of cloned DNA showed that a single point mutation converting serine 147 to asparagine was the cause of the mutation. Similarly, a point mutation converting leucine 457 to methionine for the GM638 mutant T allele was found. Moreover, the SV80 line maintained its permissivity for SV40 DNA replication but did not complement the SV40 tsA209 mutant at its nonpermissive temperature. The cloned SV80 T-antigen allele, though replication incompetent, maintained its ability to transform rodent cells at wild-type efficiencies. A compilation of spontaneously occurring SV40 mutations which cannot replicate but can transform shows that these mutations tend to cluster in two regions of the T-antigen gene, one ascribed to the site-specific DNA-binding ability of the protein, and the other to the ATPase activity which is linked to its helicase activity.
Simian virus 40 (SV40) has been studied in a wide variety of in vitro cell systems. SV40 infection of certain simian cells in culture induces a permissive response that leads to virus production and ultimately cell death, while infection of nonpermissive rodent cells is unproductive and leads to induction and maintenance of the transformed phenotype at low frequency. In the transformed cell, an integrated copy of viral DNA (vDNA) invariably persists. The integration process itself is a rather nonspecific event that, through transformation, immortalizes the apparently chance recombinational event between viral and cellular DNA (3) . The viral DNA in these nonpermissive, SV40-transformed rodent cells usually cannot be induced to excise itself and replicate, but virus rescue can occur after cell fusion with permissive simian cells. Two essential viral components for this excision and lytic replication are a cis-acting origin of replication (6) and a replication-competent A gene product (large T antigen) acting in trans (13, 34) . In this context, it has been proposed that the excision of viral DNA from the chromosomes of nonpermissive cells after cell fusion is mediated by in situ replication of vDNA initiated at a viral origin of replication, rather than by inactivation of virally encoded repressors (e.g., the bacteriophage X lysogenic-to-lytic switch) and subsequent action of virally encoded factors specific for excision (4, 6) . From the available biochemical and genetic data, it appears as if the unproductive response to viral infection in standard rodent test systems is due to a lack of factors which are present in the permissive host cell rather than to the activity of any virally encoded repressor (35) .
The semipermissive response of human cells to SV40 infection appears more complex. Human cells can be productively infected by the virus, but the yield per infected culture is about 100-fold lower than that from simian cells (11, 12) . Cells which survive the lytic infection may pass at * Corresponding author. low efficiency through the crisis period to yield transformed cell lines which carry integrated copies of vDNA (26) . A subpopulation of the cells within clonal lines of some human cell transformants appears to induce excision, and therefore the cultures persistently carry free, low-molecular-weight (Imw) vDNA (49) . A variety of factors, including cellular modulating elements, may be involved in this switching phenomenon.
In consideration of the excision model mentioned above, several isolates of human cell lines that have been transformed by SV40 yet contain no free vDNA were of particular interest. If these cell lines were still permissive for viral replication and in fact contained integrated vDNA with ori elements and produced wild-type large T antigens, it would seem paradoxical not to find free vDNA in the cultures. However, the cells themselves could be interesting variants. For example, cellular factors might be responsible for repression of replicative elements of the integrated vDNA and thus block the excision process. From the data presented here. however, we suggest repression was not responsible in three out of four free vDNA-negative, SV40-transformed human cell lines examined-SV80, GM638, and GM639. Instead, the integrated SV40 A genes appeared to be mutated, which precluded excision. Furthermore, a cloned copy of the viral early region from the one cell line tested (SV80) maintained its ability to transform rodent cells at an efficiency comparable to that of wild-type SV40 DNA and lacked detectable replicative activity in permissive simian cells. The fourth free-vDNA-negative human cell line examined, GM2894, may not have carried a functional SV40 ori, as tr-ans complementation by an exogenous viral A gene did not induce detectable free vDNA (data not shown).
Although the response to SV40 infection seems to be partly determined by the host cell factors present, our results provide further genetic evidence that the lytic replication and the transforming capacities of SV40 are separable by SPONTANEOUS T-ANTIGEN MUT'ANTS 2865 mutation of the viral A gene (7, 14, 31. 45) . In addition.
because no specific measures were taken to induce the spontaneous A gene mutations in the SV80. GM638. and GM639 cell lines, it is suggested that the continued growth of SV40-transformed human cells in culture imposes selective pressure against the replicative function and in favor of the transforming activity of the viral A gene.
MATERIALS AND METHODS
Nomenclature. The nucleotide numbering system used for the SV40 genome is that of Buchman et al. (46) Bacterial strains and plasmids. All bacterial transformations and plasmid preparations used a recA derivative of Escherichia coli, DH1 (19) . Plasmids pKl (14) , pSL1 (31) . pJY1 (courtesy of Y. Gluzman [29] ). and pML2 (29) Kimura and Dulbecco (23) . The transfected cells were then incubated at the temperatures and for the times indicated. In replication assays, Hirt extracts were collected and processed for blot hybridization as described elsewhere (29) .
Cloning of 1mw DNA. An SV80 x COS-7 cell fusion was carried out as described above. DNA (12 ng (20) . Greater than 1% of the colonies scored positive. Thirteen positive colonies were picked and screened a second time, followed by plasmid purification by the alkaline extraction method of Birnboim and Doly (1) . Lmw DNA from GM638 x COS-7 and GM639 x COS-7 fusions were cloned similarly. except that a deletion derivative of pBR322, pML2 (29) . was used as the bacterial vector.
Transformation. For each DNA transfection, 10 jig of mouse LH7 carrier DNA was coprecipitated with 10 p.g of the indicated plasmid or viral DNA in a volume of 1 ml by the calcium phosphate coprecipitation method of Graham and Van der Eb (16) . DNA-calcium phosphate coprecipitates were divided equally between duplicate 100-mm dishes each containing 1.8 x 106 Rat-I cells (approximately 70% confluence) and 10 ml of medium. After 20 h at 37°C, cells were suspended at a density of 2 x 105 cells per 60-mm dish in 5 ml of DMEM containing 0.33% Noble agar (Difco) (30) . Cells were fed at 1 and 2 weeks following transfection. Transformed colonies were scored at 3 weeks.
Marker rescue. Full-length SV40 genomes were constructed that contained the early region from pSV80-04 (pGM638-1) as follows. The viral early region was separated from the remainder of the cloned excision product in pSV80-04 (pGM638-1) by digestion with MspI plus BamnHI (BgIl plus Bamw1HI) and recloned with a wild-type copy of the SV40 late region in pBR322 (pKl) to produce pSV80V (pGM638V). Both SV40 chimeras, pSV80V and pGM638V.
were constructed so that full-length, linear viral genomes could be separated from the bacterial plasmid vector by digestion with the single restriction endonuclease EcoRI.
For each marker rescue experiment. 0. (data not shown). Indeed, the SV80 cell line has been a common source for the biochemical purification of SV40 large T antigen (5, 17) as the cells are relative overproducers of this antigen (21) . However, 1mw SV40 DNA was not detected in either Hirt extracts from these cells alone ( Fig. 1 ) (9, 44) or in the heterokaryons produced by their fusion with permissive CV-1 cells (Fig. 1) . In view of the excision model presented in the Introduction, one possible explanation for the lack of detectable free vDNA in these experiments is that the viral A genes expressed by these human cells were defective.
To test the above hypothesis, cells from all four transformed human cell lines were fused with cells of the COS-7 line (CV-1 cells transformed by SV40 DNA). (Because of the engineered deletion in the origin of vDNA replication, the integrated SV4O DNA present in COS-7 cells does not excise at a detectable level [ Fig. 1 ], but the cells do produce an A gene product that can complement SV40 tsA mutants [13] and support replication of bacterial plasmids which contain only the SV40 origin of replication [29, 37] .) The harvested Hirt extracts from the resulting heterokaryons were examined for the presence of free vDNA by Southern blotting (Fig. 1) . Intensities of the SV40-specific bands in the autoradiograms indicated that a considerable amount of viral DNA replication occurred in COS-7 fusions with three of the four human cell lines tested-SV80, GM638, and GM639. Similar fusion results with the SV80 cell line have been previously reported (18) .
The data in Fig. 1 suggested that the A genes expressed in SV80, GM638, and GM639 cells were deficient in their ability to promote viral DNA replication and that the COS-7
A gene product complemented these deficiencies. Further 36 48 72' corresponded to specific excision products from the heterokaryons. Such patterns were also observed from GM638 x COS-7 and GM639 x COS-7 fusions (Fig. 1) . To define the structure of the A genes and other integrated vDNAs in SV80, GM638, and GM639 cells, several excision 3 --tIi products from the fusions with COS-7 cells were cloned as described in Materials and Methods.
Of 13 clones isolated from the SV80 x COS-7 fusion (designated pSV80-01 through pSV80-13), 6 contained BamHI inserts of similar electrophoretic mobility to the 4.4-kilobase (kb) linear form of the plasmid vector pBR322; by more detailed restriction analysis, the same 6 clones also appeared structurally identical to each other (data not shown). BglI sites. Zigzag lines are drawn that extend from putative origin-promoter regions only as far as the restriction analysis suggested that contiguous early region sequences continued. All of the pGM638 inserts, but neither of the pGM639 inserts, apparently carried an intact early region, from the origin-promoter region up to and including the early poly(A) addition site.
Each of the four pGM638 inserts contained an apparently intact copy of the SV40 early region, which neither of the two pGM639 isolates contained (Fig. 4) . These results were consistent with a Southern blot of the GM638 x COS-7 and GM639 x COS-7 form I fractions, probed with 32P-labeled pJY1, which only detected a 2.7-kb, early region-sized, BglI-BamHI fragment in the case of the GM638 x COS-7 fusion (data not shown).
Interestingly, the pGM638 and pGM639 inserts that included an otherwise intact SV40 HindlIl C DNA fragment all exhibited a size for this fragment of approximately 1,050 bp, which compares with an 1,118-bp size for the wild-type HindIlI C fragment. This size differential (approximately 70 bp) suggests that the strain(s) of SV40 used to produce the GM638 and GM639 cell lines may have carried only a single copy of the 72-bp enhancer, which is found duplicated in strain 776 DNA. Alternatively, the populations of virus used in the transforming infections may have predominantly carried two copies of the 72-bp enhancer sequence, but selection for transformation or survival of crisis may have selected for the deletion of one copy or selected for those cells infected with a rare virus particle that contained a genome with only one copy.
pSV80-04 also contained a mutated ori near position 300 (Fig. 3b) that was adjoined to only a single, point-mutated copy of the 72-bp enhancer sequence. As elaborated on in the Discussion, most of the stable virus-specific transcripts found in the nuclei of SV80 cells (9) may be initiated from this position 300 region, not from the promoter region adjoined to the duplicated 72-bp sequences near position 1700. It therefore seems plausible that the mutation in the 5'-most enhancer site in the SV80 DNA provided some selective advantage for the 5' promoter. By restriction mapping, pSV80-04 also appeared to contain the necessary complement of DNA for a tandem repeat of the 72-bp sequence near position 1700 (data not shown); it would therefore seem that tandem copies of this sequence are compatible with stable transformation and survival through crisis, although the possibility exists that the tandem repeat in pSV80-04 was mutated in a way not detected in the agarose sizing gels that were run.
As illustrated in Fig. 4 , all of the pGM638 and pGM639 cloned fragments contained at least one BglI site closely associated (within approximately 75 bp) with an HindIII site, which suggested the presence of a viral origin of replication. Plasmid pGM639-4 actually contained two sets of closely associated BgIl and HindIII sites, as well as a third BgII site located approximately 400 bp from its nearest Hindlll site. Since BglI sites are found rather infrequently in mammalian DNA, in part because of the low abundance of the dinucleotide 5'-CG-3' which forms part of the enzyme's recognition sequence, it is plausible that the third BgII site was also located in a viral origin of replication.
None of the pGM638, pGM639, or pSV80 isolates contained an intact late region. It may be of some significance that most of the cloned excision products from GM638 cells carried complete copies of the SV40 early region but different arrangements of late-region sequences. While the precise integrated structure of viral DNA sequences cannot be inferred from these isolates alone, it seems most likely that GM638 cells harbor a single copy of the early region flanked on both sides by late region sequences. Comparison of the pSV80-04 insert with SV80 genomic DNA. In Fig. 5 , evidence is presented that the 4.4-kb BamHI fragment carried by pSV80-04 (i) was a bona fide copy of the SV80 genomic DNA encoding the viral A gene expressed in these cells and (ii) was contained within an abundant excised species observed in the SV80 x COS-7 Hirt supernatant fraction prior to cloning. First, when the lmw DNA extracted from the SV80 x COS-7 fusion was cleaved with BamHI, a prominent band of 4.4 kb was detected by blot hybridization (Fig. 5, track b) . Genomic blots of BamHIdigested SV80 DNA revealed four DNA fragments that hybridized with SV40 DNA. Their sizes were 5.1, 4.6, 4.4, and 2.7 kb (Fig. 5, track d) . The 4.4-kb BamHI insert (the cloned excision product) in pSV80-04 (Fig. 5, track c Apparent structural identity between the 4.4-kb DNA fragments was also found. Of the four SV80 genomic BamHI fragments, only the 4.4-kb fragment was cleaved by MspI. In its place were two fragments of 3.1 and 1.3 kb (Fig. 5, track  j) , which aligned with the vDNA fragments produced by BamnHI plus MspI digestion of pSV80-04 (Fig. 5, track i) with the large BamHI-BglI fragment of pSV80-04 (Fig. 5 , tracks e and f). A 1.4-kb BglI fragment predicted from the mapping of pSV80-04 was also found in SV80 genomic DNA (Fig. 5, tracks g and h) . A 300-bp BglI-BamHI fragment, which would correspond to the BgIl-BamHI fragment at the left end of the pSV80-04 map, was not visible on this autoradiograph.
From the findings discussed above, we concluded that the SV80 genome carried integrated vDNA arranged in the same complex manner as the vDNA in pSV80-04 and contained only a single, apparently intact copy of the SV40 early region.
While the precise points of recombination that produced the pSV80-04 insert are unknown, something can be said about the probable genomic organization of duplicated viral DNA sequences which would promote production of the specific populations of excision products observed from the SV80 x COS-7 fusion. First, it is unlikely that integrated viral DNA sequences in the SV80 genome halt exactly at the BamHI sites flanking the 4.4-kb BamHI fragment, but rather that viral DNA sequences extend for some distance on each side. To the left of the 4.4-kb fragment (Fig. 3b) , continuity of viral sequences would result in duplication of early region sequences found within the fragment at the right; to the right of the 4.4-kb fragment, late region sequences would naturally extend beginning with segment C, which is found duplicated at the left end of the pSV80-04 insert (Fig. 3b) .
Second, to obtain an excision product that is an accurate copy of the integrated 4.4-kb DNA fragment, recombination must take place between one point located internally to the 4.4-kb fragment and another point located externally, within duplicated flanking sequences on either side (2) .
At the resolution of restriction enzyme mapping, the insert cloned in pSV80-08 appeared similar to the insert in pSV80-04, but without the 1.4-kb HindlIl fragment (data not shown) which spans nucleotide positions 352 to approximately 1775 (Fig. 3b) . Loss of this 1.4 kb of DNA to produce the pSV80-08 insert may have proceeded via homologous recombination across the duplicated sequences within the 4.4-kb BamHI fragment. Thus, the pSV80-08 insert may have evolved from SV80 genomic DNA partially in the manner of the pSV80-04 insert, but with an additional homologous recombination event. Although the temporal order of the two recombinational events cannot be determined from their product, the structure of the pSV80-08 insert is consistent with a multiple initiation, or "onion skin," model for vDNA replication in the excision process (4) .
Replication analysis of cloned excision products. The cloned excision products from pSV80-03, -04, and -08 were (27, 28) . In several trials, transfection into permissive CV-1 cells of either reconstructed viral genome alone never produced plaques, which emphasized the completeness of the block in viral replication imposed by the A gene mutations. However, rescue of both viral genomes, as evidenced by plaque formation, was observed when the vDNA was annealed with specific early region fragments of wild-type SV40 DNA (Fig. 7) . From overlaps of the rescuing DNA fragments, the mutation in pSV80V was localized between AP 4069 and AP 4741 (from BstNI to TaqI); likewise, the pGM638V mutation was mapped between AP 2534 and AP 3208 (from BamHI to PstI).
Sequence determination of the mutations. The minimal DNA segments determined by marker rescue to span the mutations important for plaque formation in pSV80V and pGM638V were sequenced as described in Materials and Methods (Fig. 8) . Only a single point mutation was found in each case. The SV80 mutation was found at AP 4377 (an A-to-C transversion on the late strand of vDNA), which is within the second exon predicted for large T antigen and converts the wild-type Ser-147 codon to an arginine; the GM638 mutation was found at AP 3449 (a G-to-T transversion on the late strand), also within the second exon, and converts the wild-type Leu-457 codon to methionine. Both mutations were in segments of the large T-antigen sequence which have a high degree of homology with the predicted sequence of polyomavirus large T antigen, and each was different from other SV40 mutants that have been found to exhibit similar phenotypes (Fig. 9) . pSV80V mutation present in the SV80 genome. The mutation found at AP 4377 in pSV80V fortuitously destroyed an Hinfl site (recognition sequence GANTC, where N can be any nucleotide), and we could therefore readily test for the presence of this mutation at the same site in SV80 genomic DNA by Southern blotting and probing an Hinfl digest. The result of this experiment (Fig. 10) clearly indicated that SV80 genomic DNA lacked the same Hinfl site as pSV80V and Numbers at the sides of the figure are the plaque counts obtained when the corresponding early region fragments were used in the marker rescue assays of pSV8OV (left side) and pGM638V (right side). The P.sil A fragment extends off the map to the left, while the Pstl B fragment extends off to the right. Assays of pSV8XV were repeated to yield the number pairs shown for each fragment. pSV80V contained an E(coRi linearized copy of the complete SV40 genome cloned in pBR322 with the viral early region substituted by the full-length early region from pSV80-04 (from HpalIl to BamtfHI). pGM638V contained the ea.rly region from pGM638-1 (from Bgll to BatiHI) substituted for the wild-type early region of plasmid pKI. (See Materials and Methods foer details.) The only uncloned fragment used in these assays was the BsINI B fragment, which wats gel purified fr-om at BxINI digest of pJYl. ND. Not done. pSV80-04. In conjunction with the restriction mapping and marker rescue data described above, we were thus satisfied that pSV80V (and pSV80-04, from which it was derived) contained accurate copies of the viral A gene expressed in SV80 cells.
Transformation of rodent cells by cloned excision products. Our results show that the 4.4-kb BainHI fragment cloned in pSV80-04 contained an untconditionailly defective allele of the SV40 A gene. Nevertheless, pSV80-04 transformed Rat-I cells to growth in agar als efficiently as wild-type SV40 DNA cloned in pBR322 (Table 1 ). In contrast, the carrier DNA alone, pBR322, and pSV80-03 (which lacks a complete viral early region) were each less thain 1% as efficient as SV40 DNA at inducing this phenotype.
Six of the Rat-1 colonies induced by transfection of pSV80-04 were picked from the agar suspensions and propagated in petri dishes. Cells from all six cultures exhibited bright, homogeneous (>99% of the cells) nuclear fluorescence with nucleolar sparing when stained for T antigen by indirect immunofluorescence; all six were morphologically indistinguishable from Rat-1 cells transformed in the same assay by wild-type SV40 DNA (data not shown). Moreover, one line tested for tumorigenicity in nude mice was as effective in tumor formation as wild-type SV40-transformed rodent cells (P. Kahn. personal communication).
DISCUSSION
We have characterized four human cell lines transformed by SV40-SV80, GM638, GM639, and GM2984-that synthesized large T antigen at levels comparable to SV40-transformed Rat-I cells and yet did not yield excised vDNA after heterokaryon formation with permissive CV-1 cells. For three of these cell lines, however, when a replicationcompetent A gene was provided in trans by an exogenous, integrated SV40 genome in COS-7 cells, heter-ogeneous excision and replication of the vDNA sequences carried in the human cells was detected.
Thirteen excised vDNA fragments from the SV80 genome were isolated in pBR322. Six of the plasmids contained a 4.4-kb Bt,umiHI fragment apparently idenitical in size and structure to the genomic SV80 A gene. This fragment was shown to be defective for vDNA replication after transfection into permissive CV-1 cells. Although the fragment encoded a full-length viral early region and could induce T antigen effectively in CV-1 cells, its replication was only detected when transfected into COS-7 cells, a permissive simian cell line which expresses a bona fide endogenous A gene product. The cloned 4.4-kb fragment therefore appeared to harbor an absolute A gene mutation, and conventional marker rescue experiments substantiated this point.
That the cloned 4.4-kb fragment transformed Rat-1 cells to anchorage-independent growth with an efficiency essentially equivalent to wild-type SV40 DNA can be conceptually understood in a number of ways. For example, the SV80 A gene might transform rodent cells through an activity pro- These include expression of a GM2894-encoded repressor of SV40 DNA replication, interference between the GM2894-resident viral A gene and the A gene expressed in COS-7 cells, and the absence of a functional SV40 ori in the GM2894 genome. Because the latter explanation is quite plausible, the results of our cell fusion experiments with GM2894 cells do not necessarily relate to the permissivity of the cell line or to the competence of the GM2894 A gene product for replication.
The notion that the A protein is multifunctional is not new, as several mutants which separate the replication and transformation functions of large T antigen have been identified previously (7, 14, 31, 40, 45 (36) showed that the SV80 large T protein does not bind to the SV40 origin of replication with the same affinity as does lytic T antigen. This defect may in turn explain not only why SV80 T is defective in catalyzing replication, but also why SV80 cells produce unusually high levels of SV40 early RNA: the protein cannot effectively autoregulate its synthesis. In addition, Flint and Beltz (9) found a predominant specie of nuclear RNA from SV80 cells, which hybridized to radiolabeled pSV80-04 probe, that was 4 kb in size. This 4-kb size coincides well with the size we predict for a prepro- DNA. Hinfl digestions of the indicated DNAs were electrophoresed in a 1.5% agarose gel, Southern blotted, and probed with 32P-labeled pJY1 (specific activity, 2 x 108 dpm/,ug). In the digestions, 10 cessed transcript that initiates near position 300 in the pSV80-04 insert and proceeds through to the poly(A) addition site at the right end of the 4.4-kb fragment (Fig. 3b) . Splicing of this putative transcript could yield a normal-sized early mRNA for the mutant SV80 T antigen (as well as for a normal small t antigen); mutations in the 5' copy of the ori region in the pSV80-04 insert might prevent the SV80 T protein from autoregulating its synthesis via this alternate transcription unit. It would clearly be of interest to directly measure the transcriptional properties of the two SV40 promoters from pSV80-04 in both human and simian cells to probe this question further.
Interestingly, the GM638 mutation lies only four amino acids from the lesion in SV40 tsA1642, a mutant which replicates its DNA but is defective in a late lytic function at the nonpermissive temperature and, in some cell lines, is defective in transformation (7) . The late lytic defect in tsA1642, which can be complemented by other tsA mutants, appears remarkably similar to a late lytic defect mapped to a short carboxy-terminal segment of large T-antigen coding sequences (47) . This segment of the SV40 genome has been shown to function independently, in a necessary and sufficient manner, when linked to the carboxy terminus of VP1 coding sequences (47) . It is tempting to speculate that the tsA1642 mutation has an allosteric effect on the activity of the carboxy-terminal portion of large T antigen and does not strictly define a second late lytic function for the protein.
Similarly, the GM638 mutation may interfere with an activity actually encoded distally within the molecule, perhaps in the vicinity of the SV80 mutation. While the GM638 mutation and the tsA1642 mutation map extremely close to each other, and the former imparts a severe block to the early-to-late switch, these two mutations may actually define a narrow boundary between distinct functional domains of large T antigen. As summarized in Fig. 9 , spontaneously occurring mutations which selectively inactivate the replication function of large T antigen do not fall within a single protein domain. Tertiary structure and high-resolution physical mapping of the protein will be needed to fully assess the relationships between these mutations.
Mutations either at the viral origin of replication or in the structural gene for the A protein can inactivate the lytic potential of SV40. It is clear that the A gene provides a much larger target for such a selective mutation and that the sorts of lesions we have described here will be more frequent than mutations around the viral origin of replication. Gluzman et al. (15) have shown that ori mutants of SV40 will transform cells with efficiencies equivalent to wild-type SV40. Our results extend this point to spontaneous mutations which occur in transformed human cells. Clearly, replicationcompetent T antigen is not required for transformation in a wide range of cell types. Standard tsA mutations may not be adequate viral materials for demonstrating this point, since these mutations, as suggested above, may render all functions of the A protein thermolabile.
In the context of the excision model outlined in the Introduction, it is now clear why the human cell lines SV80, GM638, and GM639 do not spontaneously induce vDNA. If a replication-competent A protein is required for viral DNA excision from chromosomes, which in permissive cells leads to further viral replication and cell death as we suggest, then this process is impossible in these cell lines. In addition, the GM2894 cell line may provide a complementary case in which it is the ori region that has been mutated instead of the A gene, although other explanations for the behavior of this cell line have not been ruled out.
A likely scenario for the establishment of human cell lines stably transformed by SV40 might then include the following steps: viral integration as a tandem unit; the integration site may dictate a level of T-antigen expression which falls between full lytic expression (10) with subsequent cell death on the one hand, and rapid proliferation and transformation on the other; continued culturing of this initially transformed focus may select for spontaneous mutations in the replication function of T antigen (or SV40 ori), which averts the excision and self-destruction pathway.
Results obtained initially by Girardi et al. (12) suggest that the A gene mutations identified here were selected for during crisis and recovery. In every case they examined, cultures of SV40-infected human cells that had been pampered through crisis no longer produced infectious SV40, although they had done so prior to crisis. Furthermore, survivors of crisis exhibited higher levels of T staining than they had prior to crisis. Since induction of both T-antigen expression and vDNA replication are correlated in human cells (49; unpublished observations), and high levels of T antigen may be necessary for survival of crisis through expression of a more highly transformed phenotype (41), we suggest that crisis and recovery select for mutations in the viral replication apparatus that leave the transforming activity of the SV40 A gene essentially intact. One may expect that host genes required for viral replication may also provide specific targets for this selection as well. A hunt for such cell types may provide interesting DNA primase or polymerase mutants incapable of, for example, interacting with T antigens (42) .
The deeper question of why, in human cell lines transformed by SV40 which maintain a replication-competent A gene and origin of replication, only a fraction of the cells spontaneously induce vDNA replication remains unanswered. The amount of free vDNA in these induced cells (from 100,000 to 400,000 copies per cell) is equivalent to that found in fully permissive, infected simian cells (49; unpublished observations). Yet at any given time only a few of the cells are in the process of this induction. The virus-cell interaction that modulates this process remains a topic for further investigation.
